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Abstract
We propose two different and complementary observables for singling out possible
signals of physics beyond the standard model in the semi-leptonic decays Λb → Λc`ν¯`,
both with the τ lepton and with a light lepton. The two observables are the partial
decay width and a T-odd asymmetry, whose respective sensitivities to scalar and/or
pseudo-scalar coupling are calculated as functions of the parameters characterizing new
physics. Two different form factors are used. Three particular cases are discussed and
analyzed in detail.
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1 Introduction
The search for new physics (NP) beyond the standard model (SM), a major aim in high
energy physics, is especially stimulating now, that the Higgs boson, the last ingredient
of the SM, has been found[1, 2]. Indeed, the SM has achieved a resounding success, as
a lot of data confirm its predictions and no unambiguous sign of NP has been found
till now. However, that model presents several unsatisfactory aspects[3, 4]: it has to
be regarded, at best, as an effective low-energy approximation[5] of the theory of the
fundamental particles. Therefore, it is essential to realize experiments where, either a
clear contradiction with the SM is found, or at least more stringent constraints on the
physics beyond it are established.
Recently, tensions have been found between the SM predictions and the experimental
values of some partial widths of semi-leptonic decays of B, like B → K∗`+`−[6, 7] and
B → D(∗)`ν`[8, 9, 10, 11]. However, such discrepancies are not definitive, owing to the
experimental and theoretical errors, the latter ones being related to the transition form
factors, which are affected by serious uncertainties[12, 13]. Therefore it is necessary
to get confirmations from other channels whose basic processes are the same as in
the above mentioned B decays, in particular, from Λb decays to Λ`
+`−[13, 14] and to
Λc`
−ν¯`[15, 16, 17, 18]. Indeed, the baryonic form factors may pose less difficulties than
the corresponding mesonic ones[13], in any case they are calculated to an increasing
precision[17, 19, 20].
Moreover, the above mentioned baryon decays involve spinning particles both in the
initial and in the final state, which offers the opportunity of examining also another
kind of observables, the T-odd asymmetries, based on triple product correlations. These
were largely studied in the past decades[21, 22, 23] and were recommended for searching
for time reversal violations (TRV) and, possibly, for NP[22, 24, 25, 26, 27, 28]; see ref.
[29] for a more complete review. This method of analysis appears especially promising
for the search for NP in semi-leptonic baryon decays, in that the T-odd asymmetry is
vanishing according to the SM. Indeed, the final-state interactions, which cause biases to
non-leptonic decays by fictitious T-odd interactions[29], are absent in this case. Therefore,
a nonzero value of this observable would unambiguously indicate NP and direct TRV.
It is the aim of the present letter to calculate, in a model independent way, the
sensitivities to NP of the partial width and of the asymmetry of the decays
Λb → Λc`−ν¯`, (1)
both with the τ lepton and with a light lepton. If the parent resonance is polarized,
or the polarization of the final baryon (or of the lepton) is measured, a nonzero T-odd
asymmetry may be defined, i. e.,
A = N
+ −N−
N+ +N−
, (2)
where N± is the number of events for which the T-odd correlation
C = pf × p` ·P (3)
2
is positive (negative). Here pf(`) and P denote, respectively, the momentum of the final
baryon (charged lepton) and the polarization vector, in the center-of-mass system of the
initial baryon. In the present paper, we limit ourselves to the case of a polarized Λb.
For the asymmetry (2) to be nonzero, the above decay must derive contributions from at
least two amplitudes - the SM one and some NP amplitude -, endowed with a nontrivial
relative phase[21, 29]; moreover, we shall establish that the NP coupling must be of the
(pseudo-)scalar type.
We assume the effective NP hamiltonian proposed by other authors[15, 16, 30];
however, for the sake of simplicity, we limit ourselves to analyzing the effects of a scalar
and/or pseudo-scalar coupling. Indeed, as claimed above, the asymmetry is insensitive
to the vector and to the axial coupling, so acting a selection of NP interactions[30];
furthermore, the (pseudo)-scalar couplings seem to play an important role in possible NP
of the B0s → J/ψΦ and B → ΦK0s decays3.
The two observables mentioned above are expressed and studied as functions of
parameters that characterize NP. As regards the baryonic current, we adopt prevalently
the Isgur-Wise[31] (IW) model, quantitatively reliable[20, 32, 33, 34, 35]: as we shall see,
it reproduces quite well the experimental value of the partial width of the decay (1) with
a light lepton. We compare the IW predictions with those deduced from one of the more
sophisticated expressions of the hadronic current[15, 16, 36], leaving a more complete
discussion of this point to a future paper.
The letter is organized as follows. In sect. 2, we give the general formulae concerning
the differential decay width. Sects. 3 and 4 are dedicated to illustrating the behaviors,
respectively, of the partial decay width and of the T-odd asymmetry, as functions of the
parameters that characterize NP. Lastly, we draw some conclusions in sect. 5.
2 General Formulae
According to the IW assumption, the amplitude for the above mentioned decay reads as
M = Vcbζ0(q2)(hsJµjµ + eiϕhnJj). (4)
Here ϕ is the relative phase of the NP amplitude to the SM one. Moreover,
hs =
g2
8M2W
=
G√
2
, hn = xhs, (5)
jµ = u¯`γµ(1− γ5)v, j = u¯`(1− γ5)v, (6)
Jµ = u¯fγµ(1− γ5)ui, J = q
α
δmQ
u¯fγα(1 + ργ5)ui, (7)
q = pi − pf = p` + p. (8)
3 See refs. 14 of ref. [30]
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The subscripts i, f and ` refer, respectively, to the initial and final baryon and to
the charged lepton, while p (v) is the four-momentum (four-spinor) of the anti-neutrino.
ζ0(q
2) is the form factor of the Λb → Λc transition in the IW model[31]. δmQ and Vcb
are, respectively, the difference between the masses of the active quarks (b and c in our
case) and the CKM matrix element of that transition. G is the Fermi constant and hs(n)
expresses the SM (NP) strength. Lastly, ρ is a complex parameter which determines the
mixing of scalar and pseudo-scalar coupling. Our parameters are related in a simple way
to the (complex) couplings of ref. [15]:
gS = xe
iϕ, gP = ρxe
iϕ. (9)
In the present note, we limit ourselves to real values of ρ; in particular, we consider the
following three limiting cases:
- if ρ = 0, only the scalar coupling is considered[15];
- the case of ρ → ∞, x → 0, xρ → z, corresponds to a pure pseudo-scalar coupling
term[15];
- the two-higgs doublet model is recovered for[37]
ρ =
mb −mc
mb +mc
∼ 0.53. (10)
The observables that we study in this paper are derived from the differential decay
width
dΓ =
1
2mi
∑
|M|2dΦ, (11)
where dΦ is the phase space and
∑ |M|2 denotes average (sum) over the initial (final)
polarizations of the particles involved. But we have∑
|M|2 = |Vcb|2G
2
2
ζ20 (q
2)[Hµν`
µν +
2x
δmQ
<(`µqνIµνe−iϕ) + x2Kµν q
µqν
(δmQ)2
`]. (12)
Here
`µν = Tr[p/γν(1− γ5)(p/` +m`)γµ(1− γ5)], (13)
`µ = Tr[p/(1 + γ5)(p/` +m`)γ
µ(1− γ5)], (14)
` = Tr[p/(1 + γ5)(p/` +m`)(1− γ5)], (15)
Hµν = 1/2Tr[(p/i +mi)(1 + γ5s/)γν(1− γ5)(p/f +mf )γµ(1− γ5)], (16)
Iµν = 1/2Tr[(p/i +mi)(1 + γ5s/)γν(1 + ργ5)(p/f +mf )γµ(1− γ5)], (17)
Kµν = 1/2Tr[(p/i +mi)(1 + γ5s/)γµ(1 + ργ5)(p/f +mf )γν(1 + ργ5)], (18)
s being the polarization four-vector of the Λb, s ≡ (0,P) in the Λb rest frame, with |P| ≤
1. Performing calculations and substituting into eq. (11) yields
dΓ =
1
2mi
|Vcb|2G
2
2
ζ20 (q
2)[27Rs + 2
5x
m`
δmQ
(Rei cosϕ+R
o
i sinϕ) + 2
4 x
2
(δmQ)2
Rn]dΦ, (19)
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where
Rs = p · pi p` · pf −mip · s p` · pf , (20)
Rei = mf (1 + ρ)(p · pi s · q − q · pi s · p+mip · q)
+ (1− ρ)[q · pi pf · p+ q · pf pi · p− pi · pf q · p
+ mi(s · pf p · q − s · p pf · q − s · q pf · p)], (21)
Roi = −[mi(1− ρ)−mf (1 + ρ)]αβµνsαpβfpµi pν , (22)
Rn = p · p` [(2q · pi q · pf − q2pf · pi)(1 + ρ2)
+ 2miρ(2q · pf s · q − q2pf · s) +mimf (1− ρ2)q2]. (23)
3 Partial Decay Width
In order to determine this observable, we have to integrate the expression (19) over the
whole phase space and to average over the spin states of the initial baryon. To this end,
we adopt a frame where the parent resonance is at rest. The calculation, whose details
are given in the Appendix, yields
Γ =
|Vcb|2G2
27pi3mi
∫ Emf
mf
dEfζ
2
0 (q
2)
∫ E+`
E−`
dE`J0(Ef , E`). (24)
Here
J0(Ef , E`) = 2
7R¯s + 2
5x
m`
δmQ
R¯ei cosϕ+ 2
4 x
2
(δmQ)2
R¯n, (25)
where the barred quantities are obtained from eqs. (20), (21) and (23) by taking into
account four-momentum conservation and spin average, as illustrated in the Appendix:
they depend just on the energies Ef and E`, respectively, of the final hadron and of
the charged lepton in the Λb rest frame. The limits of integration are deduced in the
Appendix, using four-momentum conservation. The partial width (24) assumes the form
Γ(x; ρ;ϕ) = ΓS[1 + xcosϕ(αs − αpρ) + x2(βs + βpρ2)], (26)
where ΓS is the SM prediction for the partial width of the decay and the coefficients αs(p)
and βs(p) characterize the NP contribution. As regards the IW form factor, we adopt the
one inferred by ref. [33], i. e.,
ζ0(q
2) = ζ˜0[ω(q
2)] = 1− 1.47(ω − 1) + 0.95(ω − 1)2, ω = m
2
i +m
2
f − q2
2mimf
. (27)
We consider also, as an alternative, one of the hadronic currents employed by ref. [15],
which we denote as SR, because it is deduced from the sum rules. A sketch of the relative
calculation is given in the Appendix.
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The numerical inputs are[38] G = 1.166379 · 10−5 GeV −2, mi = 5.619 GeV , mf =
2.286 GeV and Vcb = 0.0411.
For ` = τ , setting m` = 1.777 GeV , the numerical integration yields
ΓSτ = 5.633 (4.280) · 10−15GeV (28)
and
αs = 0.453 (0.270), αp = 0.092 (0.082), βs = 0.402 (0.751), βp = 0.078 (0.050). (29)
The values inside the parentheses refer, here and in the following, to the predictions
relative to the SR assumption for the hadronic current.
For a light lepton, we set m` → 0, so that αs = αp = 0; moreover
ΓS` = 3.300 (2.067) · 10−14GeV, βs = 0.566 (0.359), βp = 0.235 (0.089). (30)
Insertion of the mass of the muon does not substantially change the results.
The experimental value of the partial width is
Γexp` = (2.95
+1.45
−1.14) · 10−14GeV [38]. (31)
The ratio ΓSτ /Γ
S
` is 0.171 (0.207), practically model independent, but significantly different
from the one found by other authors[15].
We consider the observable
R =
Γ− ΓS
ΓS
(32)
and exhibit in fig. 1, both for the heavy lepton and for a light lepton, the behavior of R
as a function of x (z) and of ϕ, in the case of only (pseudo-)scalar coupling.
We show in Table 1 the values of x (z) allowed according to the analysis of ref. [15] in
the (pseudo)-scalar case, and the corresponding values of R: our choice to limit ourselves
to |ϕ| ≤ pi/2 entails to consider, for the scalar coupling, only the boundary value of x for
any ϕ, while, in the pseudo-scalar case, an interval of z-values is taken into account.
We analyze also the case of a charged higgs exchange, eq. (10). For ` = τ , the ratio
(32) remains sizable down to x ∼ 0.2, provided |ϕ| is less than ∼ pi/3. With a light lepton,
an appreciable value of R is obtained for x ≥ 0.35 (0.25). In this connection, we note
that the IW predictions are slightly smaller than those by SR if a light lepton is detected,
while the situation is inverted for the τ lepton.
4 T-odd Asymmetry
The observable (2) corresponds to the ratio
A = ∆Γ
Γ
, (33)
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Figure 1: The ratio (32) as a function of x(z), both for the τ (stars for IW, squares for
SR) and for the light leptons (triangles for IW, circles for SR). Upper panels: ϕ = pi/2;
in the 1st (2nd) one, only the (pseudo-)scalar coupling is considered. Lower panels: the
same, with ϕ = pi/3.
where ∆Γ = Γ+-Γ− and Γ± is calculated by integrating the third term of eq. (19) over
the half-space where the correlation (3) is positive (negative). We show in the Appendix
that
∆Γ = − xG
2
23pi2
m`H(ρ)
δmQ
|Vcb|2|P|sinϕ
∫ Emf
mf
dEfζ
2
0 (q
2)
1√−a(c−
b2
4a
). (34)
Here
H(ρ) = mf −mi + (mf +mi)ρ, (35)
a = −q2 = 2miEf −m2i −m2f , (36)
b = 2miE
2
f (2m
2
i +M
2)Ef +M
2mi, (37)
c = −(m2i +m2`)E2f +miM2Ef +m2fm2` −
1
4
M4 (38)
and M2 = m2i +m
2
f +m
2
` .
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Table 1: The ratio (32) for the τ decay, in the ranges allowed by ref. [15], |ϕ| ≤ pi/2:
scalar (S, x) and pseudo-scalar (P , z) coupling.
ϕ x R (S) z R (P )
0.0 0.40 0.25(0.23) 0.50 —2.50 -0.03(-0.03) → 0.26(0.11)
pi/6 0.43 0.24(0.24) 0.56 —2.63 -0.02(-0.02) → 0.33(0.16)
pi/3 0.55 0.25(0.30) 0.77 —3.03 +0.01(0.00) → 0.58(0.34)
pi/2 0.80 0.26(0.50) 1.32 —3.71 +0.14(0.09) → 1.07(0.69)
Performing the numerical integration in eq. (34), and then inserting this and eq. (26)
into eq. (33), yields, for ` = τ ,
Aτ = (γs − γpρ)xsinϕ|P|
1 +R
, (39)
with γs = 0.0292 (0.0275) and γp = 0.0693 (0.0328). The behavior of Aτ is represented
in Fig. 2, as well as in Table 2, assuming a polarization |P| = 1. A vanishes when a light
lepton is detected, due to the factor m` in eq. (34).
The asymmetry (39) vanishes for ρ = 0.42 (0.52). Since these values are close to the
value (10), corresponding to 2HDM, in this case the asymmetry is negligibly small.
Lastly, it is straightforward to show that, in the case of NP vector or axial
coupling[15, 16], the T-odd asymmetry would vanish. In this connection, we observe
that, in the helicity formalism[15], the interference term between the SM amplitude and
the NP amplitude appears explicitly only as regards the scalar and the pseudo-scalar
coupling.
5 Conclusions
We have studied the sensitivities to NP - precisely, to the scalar and/or pseudo-scalar
coupling - of the partial widths and of the T-odd asymmetries (2) of the decays (1). The
sensitive quantities, denoted, respectively, as R, eq. (32), and as A, eq. (39), have been
expressed as functions of the real parameters x, ϕ and ρ, examining three particular cases.
The asymmetry can be realistically detected only for the τ decay, provided the Λb is
sizably polarized and the NP is described by the pseudo-scalar coupling, with a sufficiently
large strength; in this connection, it is worth noting that such a condition is satisfied by
the limits on NP inferred from the experiments[15].
On the contrary, R reaches considerable values for the scalar coupling and it is also
sensitive to a charged higgs exchange, even at small x ∼ 0.2-0.4, both for the light
leptons and for the heavy one. As regards the pseudo-scalar coupling, the ratio becomes
appreciable only for z ≥ 0.5-0.7, but it is considerably larger in the case of light leptons.
Our predictions do not depend so dramatically on the model adopted; in fact, they
are sometimes hardly model dependent, as, for example, in the case of the ratio R for the
pseudo-scalar coupling with light leptons.
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Figure 2: The T-odd asymmetry (39) for the τ lepton: stars for IW, squares. A
polarization |P| = 1 assumed. Upper and lower panels: same conditions and notations as
for fig. 1.
Our method can be extended to other semi-leptonic decays of beauty baryons.
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Table 2: The T-odd asymmetry (39): same conditions and notations as for Table 1.
ϕ x A (S) z A (P )
0.0 0.40 0.00 0.50 —2.50 0.00
pi/6 0.43 0.01(0.01) 0.56 —2.63 -0.02(-0.01) → -0.07(-0.04)
pi/3 0.55 0.01(0.01) 0.77 —3.03 -0.04(-0.02) → -0.12(-0.06)
pi/2 0.80 0.02(0.01) 1.32 —3.71 -0.08(-0.04) → -0.12(-0.07)
Appendix
Here we calculate the partial width and the T-odd asymmetry of the decay Λb → Λc`ν¯`
under the IW assumption. Moreover, we sketch the calculation of these observables with
the most general semi-leptonic form factor.
A) Partial Decay Width
As regards the partial width, we have to integrate the differential decay width (19)
over the whole phase space, averaging over the spin states of Λb. We get
Γ =
1
2mi
|Vcb|2G
2
2
∫
dΦζ20 (q
2)J(pf ,p`), (A. 1)
where
J(pf ,p`) = 2
7Rs + 2
5x
m`
δmQ
Rei cosϕ+ 2
4 x
2
(δmQ)2
Rn (A. 2)
and Rs, R
e
i and Rn correspond to eqs. (20), (21) and (23), after taking spin average. In
a reference frame at rest with respect to Λb, we have
dΦ =
d3p
2(2pi)3|p|
d3pf
2(2pi)3Ef
d3p`
2(2pi)3E`
(2pi)4δ3(p+ pf + p`)δ(mi − Ef − E` − |p|). (A. 3)
Moreover
Rs = mi(EfEl − pf · p`)(mi − Ef − E`), (A. 4)
Rei = mi[(1 + ρ)S1 + (1− ρ)S2], (A. 5)
S1 = mf [mi(mi − 2Ef − E`) +m2f + EfE` − pf · p`], (A. 6)
S2 = (mi − Ef )(miEf − EfE` −m2f + pf · p`)
+ (mi − Ef − E`)(miEf −m2f )
− Ef [mi(mi − 2Ef − E`) +m2f + EfE` − pf · p`], (A. 7)
Rn = mi[E`(mi − Ef )−m2` + pf · p`]{(1 + ρ2)
× [2(mi − Ef )(miEf −m2f )− Ef (m2i +m2f − 2miEf )]
+ (1− ρ2)mf (m2i +m2f − 2miEf )}. (A. 8)
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Lastly, four-momentum conservation entails
2pf · p` = M2 − 2mi(Ef + E`) + 2EfE`, (A. 9)
p2 = p2f + p
2
` + 2pf · p`, (A. 10)
with
M2 = m2i +m
2
f +m
2
` , (A. 11)
having used the same notations as in the text for the various particles involved. Note
that the scalar product pf · p` is just a function of Ef and E`; therefore, taking account
of the expressions Rs, R
e
i and Rn, we shall substitute, from now on,
J(pf ,p`)→ J0(Ef , E`). (A. 12)
Setting ε = Ef + E` + |p| −mi, and defining θ as the angle between pf and p` and φ as
the azimuthal angle of p`, we get
d3p` δ(ε) = p
2
`dp` dφ dcosθ δ(ε) =
|p`||p|
|pf | dp` dφ dε δ(ε); (A. 13)
here we have exploited the fact that dε/dcosθ = d|p|/dcosθ = |pf ||p`|/|p|.
Moreover, the relation Ef =
√
m2f + p
2
f implies
dEf =
|pf |dpf
Ef
, (A. 14)
an analogous equation holding for dE`. Inserting eqs. (A. 12) to (A. 14) into the integral
(A. 1), and taking account that q2 = m2i +m
2
f − 2miEf , yields
Γ =
|Vcb|2G2
27pi3mi
∫ Emf
mf
dEfζ
2
0 (q
2)
∫ E+`
E−`
dE`J0(Ef , E`). (A. 15)
The limits of integration for E` are deduced from eq. (A. 9), setting cosθ = ±1:
E±` =
−b±√∆
2a
, ∆ = b2 − 4ac, (A. 16)
a = −q2 = 2miEf −m2i −m2f , (A. 17)
b = 2miE
2
f − (2m2i +M2)Ef +M2mi, (A. 18)
c = −(m2i +m2`)E2f +miM2Ef +m2fm2` −
1
4
M4. (A. 19)
As regards the upper limit Emf , imposing p` = 0 yields
Emf =
√
m2f + p
2
m, pm =
1
2
(mi −m` −
m2f
mi −m` ). (A. 20)
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B) T-odd Asymmetry
This asymmetry is defined by the fraction (33) in the text. The denominator has been
calculated in the previous section of this Appendix. In order to calculate the numerator,
we have to fix the azimuthal plane for p` in the rest frame of Λb. To this end, we choose
the z-axis along pf and define the azimuthal plane as the one singled out by the vectors
pf and pf × P, P being the polarization vector of the parent resonance. Recalling eq.
(22), we have, according to the convention (3),
∆Γ =
1
2mi
|Vcb|2G
2
2
25x
m`
δmQ
sinϕ
∫
dΦ′[
∫ pi/2
−pi/2
−
∫ 3pi/2
pi/2
]dφ ζ20 (q
2)Roi , (A. 21)
Roi = H(ρ)αβµνs
αpβfp
µ
i p
ν = H(ρ)mi p` × pf ·P, (A. 22)
H(ρ) = mf (1 + ρ)−mi(1− ρ). (A. 23)
dΦ′ is defined in such a way that dΦ′dφ = dΦ. In the frame defined above, it results
Roi = −miH(ρ)|P||p`||pf |sinθfsinθcosφ, (A. 24)
θf being the angle between P and pf . Moreover, eq. (A. 9) implies
cosθ =
N(Ef , E`)
2|pf ||p`| , N(Ef , E`) = M
2 − 2mi(Ef + E`) + 2EfE`. (A. 25)
Proceeding analogously to the previous integration, we get
∆Γ = − xG
2
24pi3
m`H(ρ)
δmQ
|Vcb|2|P|sinϕ
∫ Emf
mf
dEfζ
2
0 (q
2)
∫ E+`
E−`
dE`(aE
2
` + bE` + c)
1/2, (A. 26)
a, b and c being given by eqs. (A. 17) to (A. 19). The integration over E` - performed
between the two zeroes of the integrand, according to eqs. (A. 16) - yields
∆Γ = − xG
2
24pi2
m`H(ρ)
δmQ
|Vcb|2|P|sinϕ
∫ Emf
mf
dEfζ
2
0 (q
2)
1√−a(c−
b2
4a
). (A. 27)
C) Use of General Form Factors
The most general matrix element for the decay considered reads as
M = Vcb(hsJ˜µjµ + eiϕhnJ˜j). (A. 28)
Here hs, hn, j
µ and j are given by eqs. (5) and (6), while
J˜µ = Vµ − Aµ, J˜ = q
α
δmQ
(Vα + ρAα) (A. 29)
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and
Vµ = u¯f (X0γµ + AP+µ + A
′qµ)ui, Aµ = u¯f (Y0γµ +BP+µ +B′qµ)γ5ui. (A. 30)
Here X0, Y0, A, B, A
′ and B′ are functions of q2 and P+ = pi + pf . Use has been made
of the equations of motion. For the form factors adopted by ref. [15], we have A′ = B′ =
0 and
X0 = f1 − (mi +mf )f2, Y0 = f1 + (mi −mf )f2, A = B = f2, (A. 31)
where f1 and f2 are the form factors listed in Table 1 of that paper. In particular,
in the present letter, we adopt the form factors f1 = 6.66/(20.27 − q2) and f2 =
−0.21/(15.15− q2)[15]. The calculations of the observables proceed along the line traced
in our text.
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